Abstract. The Protected Plutonium Production (P 3 ) project has been initiated. The first stage of this project (P 3 -A) is based on the idea of protecting plutonium by 238 Pu isotope generated from 237 Np doped in the fresh uranium fuel. The present status of nuclear data relevant to the P 3 -concept reactor design is surveyed and data requirement is presented.
INTRODUCTION
The "Protected Plutonium Production (P 3 )" has been proposed by M. Saito et al. [1, 2] in order to improve the proliferation resistance of plutonium by doping minor actinides (MA) in the conventional fuel in the environment of the LWRs. The P 3 studies focus on the transmutation of MAs such as 237 Np and 241 Am with large neutron capture cross sections increasing the fraction of 238 Pu, which is a strong neutron source of spontaneous fission (2.6 × 10 3 n/g/s) that can deteriorate the quality of the plutonium as the nuclear explosive material. In addition, high alpha-decay heat of 238 Pu (560 W/kg) makes the processes of nuclear weapon manufacture and maintenance technologically difficult.
Based on the previous fundamental P 3 studies, the P 3 -A project [3] has been initiated by the financial support of the Ministry of Education, Culture, Sports, Science and Technology as an international cooperative project among the Tokyo Institute of Technology, Idaho National Engineering and Environmental Laboratory, Musashi Institute of Technology, Japan Nuclear Cycle Development Institute, Japan Atomic Energy Research Institute, Engineering Development Co. Ltd., Mitsubishi Heavy Industries, Ltd., Nuclear Development Corporation, Advanced Reactor Technology Co., Ltd., Toshiba Corporation, and Fuji Electric System Co., Ltd.
The present paper deals with the status review, the requirement survey, and the validation of the nuclear data pertinent to the P 3 concept in the framework of the P 3 -A project.
NUCLEONIC BASIS OF THE P 3 -A PROJECT
In the P 3 -A project [3] , the potential of 237 Np is fully pursued as a novel fertile material that is transmuted into 238 Pu through successive neutron capture and beta decay. If we start LWR operation with uranium fuel doped with an appropriate amount of 237 Np, the plutonium generated mostly from 238 U in the reactor is consistently associated with a sizable amount of 238 Pu coming from 237 Np at any stage of burnup, reprocessing and storage of fuels. The isotopic presence of 238 Pu makes it difficult to use the produced plutonium as the nuclear explosive material without a sophisticated isotope-separation technology. In this sense the generated 238 Pu plays the role of the fuel protector against nuclear proliferation.
Another merit of doping 237 Np in the fuel lies in the fact that it exerts a favorable effect of extending the fuel burnup. The capture cross section in 237 Np is much larger than the fission cross section in the LWR environment and, therefore, it reduces the reactivity at the beginning of the burnup. Then, along with the burnup taking place, it is transmuted to 238 Pu, which has a larger fission cross section than 237 Np, and further into 239 Pu through neutron capture. This means that the negative reactivity of 237 Np is gradually replaced by the positive reactivity of plutonium. In this sense the doped 237 Np plays a role of an active burnable poison.
The depletion of 237 Np in the above way reduces the burden of storing this long-lived radioactive minor actinide outside of the reactor. This is the third merit of the P 3 -A project. In other words, the purpose of the project is to change the waste material into the resource.
BURNUP WITH NEPTUNIUM-237
The burnup of a sizable amount of 237 Np in reactors is realized by full knowledge of the nuclear data of 237 Np and its descendants such as 238 Np and 238 Pu. These nuclides, however, have never played any dominant role in the design of conventional reactors. Figure 1 shows an example of the burnup swing calculation based on the P 3 concept. The reactor model is taken from a LWR benchmark for next generation fuels given in [4] . The calculation was made with the COBURN module of the SRAC code system. The geometrical modeling of the reactor follows the above international benchmark and is calculated with four different major nuclear data libraries: JENDL-3.2, -3.3, JEF2.2, and ENDF/B VI. The fuel assumed is a 20%-enriched uranium fuel doped with 2% 237 Np, according to the P 3 -concept.
As we see here, only a few differences are recognized in the behavior of the four curves that correspond to the four nuclear data libraries. Then a question arises as to whether the nuclear data are precise enough and consistent among the different libraries. As studied by Nikitin et al. [5] Figure 2 shows the capture cross section of 237 Np in the thermal energy region. Two libraries, ENDF/B-VI and JEFF-3, give 181.02 barns at 0.0235 eV after the past experiment by Weston and Todd [6] . For this particular value, JENDL-3.3 gives 161.71 barn on the basis of the measurement by Kobayashi et al. [7] . In addition, Katoh et al. [8] reported 141.7 barns in their very recent experiment. This new value is 13% lower than JENDL-3.3, which gives a 12% lower value than ENDF/B-VI and JEFF-3. Considering this situation, we have to anticipate an uncertainty of more than . A more conservative value might be % 20 ± . From a preliminary sensitivity study, this value of uncertainty in the capture cross section gives rise to the same order of ambiguity in the 238 Pu concentration generated from 237 Np, as seen in Fig. 3 .
STATUS OF NUCLEAR DATA
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-30% As for the energy range from thermal to keV, we can, however, expect new experimental data from a new Japanese project, in which Igashira et al. [9] plan to develop a novel neutron detector and obtain the neutron data for important minor actinides, including 237 Np, by using it. The uncertainty mentioned above is expected to be reduced in a few years by their data.
Another important reaction that dominates the concentration of 238 Pu is the capture in 238 Pu itself, because it depletes mostly through this reaction. Further, this reaction dominates the production of 239 Pu. Remember that it is also generated from 238 U, which is the main stream of 239 Pu production. The present status of the capture cross-section data is shown in Fig. 4 . Both JENDL-3.3 and JEFF-3 adopt the same value of 540.3 barns after the past recommendation by Mughabghab [10] , which is 540 ±7 barns. ENDF-B/VI takes 561.08 barns, which is 4% higher than the other two libraries. In this sense, the three libraries are fairly consistent with one another because the 4% difference is not sizable. The experimental value, however, is very scarce, and we should then expect a large uncertainty in this cross section, and we need new reliable experimental data. Thus, this will be one of the key cross-section pieces of data in the P 3 -concept reactor design.
Here, we surveyed the status of nuclear data relevant to the P 3 -concept reactor design restriction to the thermal captures because of the limitation of space. As seen here, reliability in the capture data for 237 Np and 238 Pu is not satisfactory, and more accurate experiments and evaluations are required. In reality, the 237 Np-based P 3 -concept reactors are not limited to LWRs, but this concept can be applied to all types of reactors, including fast reactors. Therefore, the nuclear data should cover many types of reactions (from capture to inelastic scattering, for example) and in a wide range of neutron energies from thermal to several MeV.
VALIDATION OF NUCLEAR DATA
For confirmation of the P 3 -A principle, irradiation tests of 237 Np-U mixed samples are planned in the Advanced Test Reactor (ATR) at Idaho National Engineering and Environmental Laboratory (INEEL). ATR is suitable for the short-term irradiation test because of its high thermal flux level of １ × 10 15 n/cm 2 s at most. The post irradiation examinations (PIE) are to be carried out at ANL-West to obtain the isotopic composition data for Np, Pu, U, Am, and Cm. On the basis of these data, we will validate the cross sections relevant to the P 3 -A concept, which include the capture cross sections of 237 Np and 238 Pu mentioned above.
The key isotope 238 Pu is produced through shortlived 238 Np. It seems that the neutron reactions in this 2.12-day life-long isotope may be neglected. But under some irradiation conditions this is not the case. capture reactions in the short-lived 238 Np, which is not negligible, especially at high flux irradiations. Very recently, Harada et al. [11] measured the capture cross section of this isotope, proving that it is larger than estimated.
Irradiation of the 237 Np sample is also being carried out under the fast flux of the Japanese experimental fast reactor JOYO [12] . In addition to the irradiation experiment mentioned above, the sample reactivity worth of 237 Np will be measured by using Tank-type Critical Assembly (TCA) and Fast Critical Assembly (FCA) at JAERI. These efforts are all carried out in the framework of the P 3 -A Project.
CONCLUSION
Peaceful use of nuclear energy will not advance without solving the problem of nuclear proliferation. A new concept called PPP (Protected Plutonium Production) has been proposed by M Saito et al. to solve this problem. The concept is based on the fuel protection by the 238 Pu isotope generated from 237 Np doped in fresh fuel. We surveyed the status of nuclear data relevant to P 3 -concept reactor design. The reliability of the nuclear data for 237 Np and 238 Pu is not satisfactory, and more accurate experiments and evaluations are required. For validation of the nuclear data, irradiation experiments are planned at the Advanced Test Reactor in INEEL and also in the Japanese fast test reactor JOYO in the framework of the P 3 -A project. Some sample reactivity measurements at critical facilities are also planned. We can expect that the nuclear data needed for the design of P 3 -concept reactors will be tested and improved through the analysis of these experimental data.
